We introduce elastin-like recombinamers (ELRs) as polypeptides with precise amino acid positioning to generate polypeptide coatings with tunable rigidity. Two ELRs are used: V84-ELR, a hydrophobic monoblock, and EI-ELR, an amphiphilic diblock. Both were modified with the amine-reactive tetrakis (hydroxymethyl) phosphonium chloride compound. We evaluated the affinity, the conformation, and the dissipative behavior of ELRs assembled on alkanethiol selfassembled coatings by quartz crystal microbalance with dissipation monitoring, multi-parametric surface plasmon resonance, and atomic force microscopy. The thickness of the polypeptide coatings showcase the preferential affinity of ELRs to NH 2 and CH 3 terminated surfaces. We demonstrate that V84-ELR strongly bonded to the substrate and reorganizes into an extended and more hydrated layer as the adsorbed amount increases, whereas EI-ELR has a less dissipative behavior. The results suggest that ELR adsorption depends on the amino acid sequence and the substrate chemistry, ultimately influencing the stiffness of the polypeptide coatings.
INTRODUCTION
Protein adsorption is a common method employed to modify the properties of a surface. It is driven by different supramolecular forces such as van der Waals, hydrophobic, electrostatic interactions, and hydrogen bonding, and depends on the structure and biochemical properties of the protein. [1] [2] [3] Besides their native diversity, custom-made peptides and proteins with tailored amino acid sequences are also routinely synthesized by chemical or recombinant techniques, 3 thus, increasing the proteins' variety. The existence of a huge variety of proteins brings difficulties in predicting their binding affinity and orientation, and has led to the development of highly specialized techniques and simulation models to determine the mechanistic details of protein adsorption. [4] [5] [6] [7] [8] Understanding how different classes of proteins adsorb to different substrates is thus an imperative prerequisite to foresee the physicochemical aspects and functionality of protein-based layers and films.
The ability of structural modulation and the diversification in terms of bioactivity have stimulated huge research interest in protein modified surfaces for biomedical, pharmaceutical, and tissue engineering applications. In all these applications, protein adsorption is usually aiming at enhancing the surface biocompatibility, 9 including alternation of the surface chemical composition and also changing superficial physical characteristics. As examples, collagen 10 and silk 11 have significantly different modulus (in the order of MPa and GPa, respectively),
indicating that tailoring the amino acid sequence of proteins might grant control not only over the chemistry of a surface coating made by these proteins but also of the coating's rigidity. In this work we used customized elastin-like recombinamers (ELRs) to study the effect of amino acids positioning and distribution within a protein on the stiffness of thin coatings made from this protein. ELRs are recombinant and stimuli-responsive polypeptides that mimic natural elastin, the extracellular elastic protein found in tissues and organs that require elasticity to function. ELRs are based on the repeating pentapeptide valine-proline-glycine-X-glycine (VPGXG) or equivalently to any of the five cyclic permutations (e.g., GXGVP), where X represents any natural or artificial amino acid. [12] [13] [14] [15] In aqueous solution, they exhibit a transition temperature (T t ), below which free polymer chains are soluble hydrated random coils. Above T t , the polymer chains fold into a regular β-spiral structure, resulting in a phase-separated state. This
phenomenon is called inverse temperature transition (ITT). One of the most attractive properties
of ELRs is their recombinant nature, which allows the insertion of single amino acids, polar or nonpolar, and sequences with bioactivity. In fact, ELRs with RGD, 16 REDV, 17 and biomineralization 18 sequences were explored previously, thus showcasing the possibility to assemble films with highly specific physical, chemical and biological properties.
Herein, we rely on a combination of specialized surface analysis tools to investigate the adsorption of hydrophobic and amphiphilic ELRs onto self-assembled monolayers (SAMs) made of alkanethiols terminated with CH 3 , OH, COOH, and NH 2 . Quartz crystal microbalance with dissipation monitoring (QCM-D), [19] [20] [21] multi-parametric surface plasmon resonance (MP-SPR), [22] [23] [24] and atomic force microscopy (AFM) [25] [26] [27] have been shown to be sensitive instruments in evaluating the affinity, and the conformation of polymer on surfaces (including proteins), as well as the dissipative behavior of the assembled films. Both the QCM-D and MP-SPR monitor the deposition of mass on planar surfaces in real time, molecular interactions, and layer properties.
Whereas the QCM-D is an acoustic method highly sensitive to a film's shear modulus and hydration, the MP-SPR is an optical method that is almost not affected by coupled water or conformational changes. Allied with the imaging capabilities of AFM, we describe the adsorption of ELRs onto SAMs with different chemistries. Furthermore, we discuss how different ELR architectures and amino acid sequences can generate polypeptide coatings with tunable dissipative behavior.
MATERIALS AND METHODS.
Materials. Characterization and modification of the ELRs. The unmodified ELRs were bonded with THPC, after which they were designated as V84-ELR and EI-ELR, respectively, for simplicity sake. The modification was made as follows: A solution of THPC (to unmodified V84-ELR:
0.0852 mmol, 60 eq.; to unmodified EI-ELR: 0.0639 mmol) was added to a solution of the asreceived ELRs in DMF (0.00142 mmol or 0.00107 mmol, respectively, in 5 mL). The resulting mixture was stirred at room temperature for 60 h. After this time, diethyl ether (25mL) was added to the mixture to yield a white precipitate. The supernatant was removed and the solid was washed with acetone (3×15 mL) with centrifugation (12500G, 10 min), dried under reduced pressure, redissolved in cold MilliQ water (4 ºC), dialyzed against MilliQ water (3×25 L), filtered and lyophilized. The purity, molecular weight, and transition temperature of the acquired batches were routinely determined by amino acid composition determination, matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) and dynamic laser scattering (DLS).
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Amino acid composition determination was previously used to assess the composition of ELRs 17 (Table S1) . MALDI-TOF mass spectroscopy was performed in a Voyager STR, from Applied Biosystems, in linear mode and with an external calibration using bovine serum albumin (BSA).
DLS measurements were conducted using a Nano-ZS zeta-sizer from Malvern (United Kingdom) to determine the hydrodynamic size. Aqueous samples of each ELR were prepared at 100 µg·mL -1 in PBS, pH 7.4. Measurements were performed at incremental temperatures from 4 ºC to 40 ºC after a stabilization time of 5 min. The number of runs was set to automatic (10-100 runs) and the scattering angle was configured for non-invasive back scatter mode (NIBS, at 173º).
Preparation of alkanethiol SAMs for ELR assembly.
Gold-coated AT-quartz and MP-SPR sensors were first cleaned by UV irradiation in a UV-ozone chamber for 10 min, followed by immersion in a mixture of 5:1:1 distilled water/hydrogen peroxide/ammonium hydroxide for 30 min in an ultrasound bath at 70 ºC. After thorough rinsing with distilled water, the surfaces were once again irradiated by UV light. After this treatment, the surfaces were modified with alkanethiol compounds relying on gold-sulfur bonds to generate four distinct surfaces with controlled chemistry, exhibiting the following functional groups: CH 3 , OH, COOH and NH 2 .
These groups are found respectively in 1-dodecanethiol, 11-mercapto-1-undecanol, 12-mercaptododecanoic acid, and 11-amino-1-undecanethiol hydrochloride. The procedure was based on well-known mechanisms of SAMs preparation of alkanethiols on gold. 19, [28] [29] [30] [31] The clean gold surfaces were immersed in 3 mL of a 20 µM ethanol solution of the desired alkanethiol compound. After 48 h, the modified surfaces were rinsed with absolute ethanol, dried with a flow of nitrogen and placed in the sample chamber of either the QCM-D or MP-SPR to monitor the assembly of the ELRs on each SAM.
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Quartz-crystal microbalance with dissipation monitoring. A Q-Sense E4 quartz crystal microbalance (Biolin Q-Sense, Sweden) with dissipation monitoring system was used to follow the adsorption of V84-ELR and EI-ELR coatings on alkanethiol-modified gold-coated quartz crystals in real time. The quartz crystal was excited at multiple overtones (1, 3, 5, 7, 9, 11, and 13, corresponding to 5, 15, 25, 35, 45, 55 , and 65 MHz, respectively). Depositions of mass were detected by variations in the normalized frequency (∆f n /n) and viscoelasticity by variations in dissipation (∆D n ), where n is the overtone number. A stable baseline (∆f n /n < 1 Hz in 10 min)
was acquired with PBS before starting the assembly of ELRs. Adsorption took place at 25 ºC, using 100 µg·mL -1 ELR solutions in PBS, and at a constant flow rate of 50 µL·min -1 . ELRs were flushed for at least 1 h and until adsorption reached an equilibrium (variation of ∆f n /n < 5% during a period of 30 min), followed by a rinsing step of 1 h to remove loosely bonded molecules.
The thickness of each polypeptide coating was estimated using the Voigt-based viscoelastic model, adequate for soft and hydrated polymeric superficial assemblies, contained in the QTools software from Q-Sense (version 3.1.25.604). The model is based on Equation 1 and 2,
where considering a total of k thin viscoelastic layers, ρ 0 and h 0 are the density and thickness of the quartz crystal, η 3 is the viscosity of the bulk liquid, δ 3 is the viscous penetration depth of the shear wave in the bulk liquid, ρ 3 is the density of liquid, µ is the elastic shear modulus of an overlayer, and ω is the angular frequency of the oscillation. 32 Iterations of the model were performed using at least three overtones, fixing the values of solvent density, solvent viscosity, 
where ∆m is the Sauerbrey areal mass, C is the mass sensitivity constant (17.7 ng·cm -2 ·s), and n is the overtone number.
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Multi-parametric surface plasmon resonance. The assembly of ELR coatings on each SAM was followed by monitoring optical variations at the surface of MP-SPR gold-coated sensors using a multi-parametric instrument, model SPR Navi200 (BioNavis, Finland). Full angle scans were performed simultaneously at 670 nm and 785 nm and monitored in real time throughout the following steps. First, clean surfaces were analyzed in air to assess the cleanness of the surface, followed by the flow of 100 µg·mL -1 ELR solution in PBS at 50 µL·min -1 . Variations of mass are detected by MP-SPR dip angle shifts registered in sensograms, using the wide angular scan range (40º-78º). The monitoring times adopted for the MP-SPR measurements were replicated from the QCM-D experiments. After monitoring the adsorption and rinsing, the surfaces were dried. For that, they were immediately rinsed with distilled water to remove excess of PBS salts, which present high refractive index when dry. Then, drying was performed in situ, i.e., without removing the surfaces from the MP-SPR sample chamber, to ensure that the coatings retained internal integrity, by pumping air until the reflection angle dropped to typical reflection values in air (~40º). The optical thickness of each ELR adsorbed onto each SAM was estimated by 
where, for s-and p-light polarizations, r and t respectively stand for reflected and transmitted electric field, n 1 and n 2 represent the refractive indexes of the media light moves from and to, and θ i and θ t are the angles that the incident and refracted rays make to the normal of the interface.
The estimated values are equivalent to the dehydrated thickness of the assembled polypeptide coatings, Th MP-SPR .
Hydration of the polypeptide coatings. The hydration (Hd) of each coating was determined by Equation 8,
where Th QCM-D and Th MP-SPR are the thickness values estimated from the QCM-D and MP-SPR data, respectively. Atomic force microscopy measurements. For the visualization of ELR aggregates, a 50 µL droplet of a 100 µg·mL -1 ELR in PBS stabilized at 25 ºC was pipetted on mica, followed by drying overnight at room temperature to allow the aggregates' fixation on mica. After drying, the surfaces were gently dipped in distilled water three times to remove excess of salt crystals formed as a result of the drying and the remaining water was removed with the aid of a nitrogen flow. For the visualization of the thinnest and the thickest V84-ELR and EI-ELR coatings (determined after calculating Th QCM-D and Th MP-SPR ), they were assembled onto gold-coated quartz sensors during a normal operation of the QCM-D, at a constant flow of 50 µL·min -1 . The sensors were retrieved, rinsed with distilled water and left to dry overnight at room temperature.
The visualization of both samples was performed in air at room temperature using a NanoWizard 3 BioAFM (JPK Instruments AG, Germany) under AC mode, using ACSTA cantilevers.
Topography images were recorded with a resolution of 512×512 data points, using a line rate of 1Hz and a relative setpoint of ~90% of the free oscillation of the cantilever. Image analysis was performed on uncoated and coated with EI-ELR OH-terminated surfaces using ImageJ (version 
RESULTS AND DISCUSSION
In order to determine how the structure of proteins can affect the stiffness of a surface upon adsorption, we used two custom-made ELRs with different sequences and organized in blocks, as represented in Figure 1 . 
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The first one, unmodified V84-ELR, is a hydrophobic monoblock ( Figure 1A ) constituted by 84 repetitive elastin pentapeptide sequences of VPGXG, in which X is valine (V). The second ELR, unmodified EI-ELR, is an amphiphilic diblock ( Figure 1B) . Each block consisted of variations of the VPGXG pentapeptide, with one being a hydrophilic block with 10 glutamic acids (E) and the other being a hydrophobic block with 60 isoleucines (I). Amino acid quantification assays matched well the theoretical composition of both ELRs (Table S1 ), point toward the production of ELRs with the expected amino acid sequence and monoblock or diblock architectures. Afterwards, the as-received ELRs were modified with THPC according to the reaction in Figure 1C . Of note, the studied ELRs have similar molecular weight to eliminate the influence of this property in the following experiments. 37 The spectra obtained by MALDI- Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 ELR chains into dynamic, regular, non-random β-spiral structures, associated with a transition to a higher ordered state as a result of an increment of the temperature. Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 Below T t , ELR chains behave as disordered random coils, which translates into higher PDI values. 38 The polydisperse character of V84-ELR aggregates below T t was confirmed by AFM ( Figure 2C ), revealing aggregates with undefined shape and varying dimensions (up to 60 nm, at dry conditions). The behavior of V84-ELR with temperature variations was thus typical of ELRs in aqueous solutions.
The amphiphilic diblock EI-ELR behaved differently ( Figure 2B) . From 20 ºC to 25 ºC, the hydrodynamic aggregate size decreased from 549 nm to 54 nm and became more homogeneous (PDI decreased from 0.7 to 0.2). The photograph insets in Figure 2B showed that the solution retained a clear aspect. This behavior is not consistent with the typical trend observed for ELRs.
We hypothesize that the hydrodynamic size decrease was not related to the molecular dynamics of ELR folding and coacervation, since a change in turbidity would accompany this phenomenon. In fact, this behavior resembles the formation of ELR vesicles with micelle-like properties. Garcia et al previously demonstrated that diblock E 50 I 60 ELRs self-assemble into spherical vesicles with hydrodynamic diameter similar to the one measured by us (≈ 50 nm). 39 Further increase of the temperature above 25 ºC did not result in any additional changes in hydrodynamic size, PDI, or turbidity, suggesting that the T t of EI-ELR must be higher than 40 ºC (the upper limit of the experimental temperature range). Figure S1 shows that for higher concentrations (i.e., 50 mg·mL -1 ) EI-ELR has a transition around 12 ºC. The higher concentration of that sample -a factor that contributes to lowering the T t of ELPs 40 -explains why a transition was not observed for the lower concentration used herein to assemble our coatings. The insertion of the hydrophilic block in the structure of EI-ELR contributed to the increase of polarity, resulting in a higher T t in respect to V84-ELR. This is consistent with the fact that more polar
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To confirm the formation of EI-ELR aggregates above 20 ºC, AFM measurements were made ( Figure 2D ). The results show that EI-ELR forms nanoaggregates, with approximately 20 nm in dry conditions, which is in agreement with the previous findings for E 50 I 60 . These measurements were made in the dry state. On the one hand, the drying step is needed to immobilize the ELRs on the mica, but on the other hand, one should be aware that the increasing ELR concentration during the slow drying process can induce different conformational changes and/or aggregation.
Altogether these results showcase that block ELRs with well-defined hydrophilic and Figures 3C and 3D) variations, normalized to the 7 th overtone for the studied ELRs adsorbed on each surface. Additional overtones are represented in Figures S2 and S3 . Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 (circles), NH 2 (triangles), and CH 3 (inverted triangles) SAMs. The arrows indicate (1) ELR injection and (2) rinsing step.
We observed ELRs adsorption at all studied conditions: the decrease in the ∆f 7 /7 signal indicated that both V84-ELR ( Figure 3A) and EI-ELR ( Figure 3B) 42 and in the adsorption mechanism of fibrillar -such as elastins -and globular proteins. 21 During the initial contact with the surface, fibrillar proteins adhere in a conformation parallel to the substrate, maximizing the polypeptide/surface interaction area. A micelle-like structure, on the other hand, is more likely to interact with the surface through a single region of its configuration (in the case of EI-ELR, just one of its blocks), 43 thus resulting in a weaker binding affinity.
The second main difference is the adsorption time. An initial sharp decrease of ∆f 7 /7 is observed for EI-ELR (Figure 3B ), while steady process is visible in the case of V84-ELR. Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 Moreover, the adsorption of V84-ELR reaches an equilibrium within about 3 h while EI-ELR needs shorter period (about 1 h) to reach this state. These results show that polypeptides built from multiples blocks adsorb faster than those with a single block, suggesting that EI-ELR adsorption is kinetically driven. On the other hand, no removal of the slowly deposited V84-ELR is observed during the rinsing step, alluding to a thermodynamic controlled adsorption. 44 There was also a pronounced difference in the dissipative character of the coatings, revealed by the increasing values of ∆D 7 with time ( Figure 3C and Figure 3D ). The dissipation is associated with the deposition of soft components and coupling of water which often lead to a loss of energy from the sensor's oscillation. The obtained ∆D 7 data reveal viscoelastic behavior for the adsorbed ELRs. For example, on CH 3 -terminated SAMs, ∆D 7 after rinsing was 6.6×10 -6 and 4.0×10 -6 , for V84-ELR and EI-ELR, respectively. Surprisingly, we measured higher ∆D 7 for V84-ELR as compared with EI-ELR indicating higher hydration for the monoblock polypeptide.
It was expected that more water molecules would couple with EI-ELR, due to its hydrophilic block. This seeming contradiction can be explained by the different hydration mechanisms for polar and nonpolar moieties. Nonpolar amino acids present in ELRs are hydrated by hydrophobic hydration, which involves ordered clathrate-like water structures around such residues. 41 Previous calorimetry assays with ELPs showed endothermic component due to the loss of water molecules involved in hydrophobic hydration. 45 The lower polarity of ELPs is related with higher magnitude of the endothermic component, and thus the higher the number of water molecules coupled by hydrophobic hydration. This phenomenon explains the higher dissipative behavior of V84-ELR coatings, which surpasses the hydration of the EI-ELR diblock structure.
MP-SPR characterization was used to complement these results. We used a multi-parametric equipment operating with lasers at two wavelengths: 670 nm and 785 nm. In this technique, the Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Th QCM-D was calculated according to the Voigt-based viscoelastic model, using the raw ∆f n /n and ∆D n of at least three harmonics. As for Th MP-SPR , the reflectivity curves of both the "wet" and "dry" states of the coatings were used as input to the two-wavelength and two-media approach, Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 These data demonstrated that ELR deposition depends on the substrate chemistry in the order: OH<COOH<NH 2 <CH 3 . On the polar uncharged OH-terminated surfaces, ELRs may interact by weak hydrogen bonds, generating very thin coatings. Besides hydrogen bonds, the COOHterminated surfaces (negatively charged) can also interact via electrostatic interactions (e.g. with the amine groups of the lysine (K) residues) and indeed, the determined Th MP-SPR and Th QCM-D were slightly higher than for the OH functionalized substrates. The thickest coatings were obtained on SAMs that exhibit chemical complementarity with the ELRs. On NH 2 (charged positively), the assembly was driven by the interaction of the phosphonium in the THPC salt with the amine groups. As for CH 3 surfaces, the high affinity of ELRs to these groups was the result of the hydrophobic nature of the elastin pentapeptide. These can bind strongly to the surface via strong hydrophobic interactions, thus justifying the high Th MP-SPR and Th QCM-D values.
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A closer look at the thickness also shows that V84-ELR coatings were thicker than EI-ELR ones assembled on all surfaces, which supports that the monoblock has a higher binding affinity than the diblock architecture, as previously discussed for ∆f 7 /7 values (Figures 3A and 3B) .
Th QCM-D and Th MP-SPR were further analyzed to calculate the hydration (Hd) of each polypeptide coating ( Table 1) . The Hd of V84-ELR varied between 32% and 34%, except for the ones assembled on OH, which exhibited a hydration of 62%. Such a disparity reveals that the surface of this particular SAM-modified sensor was coupled with high amounts of water. It is possible that the low affinity of V84-ELR with OH groups favors the assembly water molecules surrounding the free ELR chains, which cannot cross the energetic barrier necessary to bind Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 more strongly to the surface (Figure S4 ). In the case of EI-ELR coatings, Hd varied between 18% and 21%. Comparing with V84-ELR, the hydration was lower for coatings made of this ELR, which is related to the less pronounced hydrophobic hydration effect discussed previously.
This observation is consistent with the low ∆D 7 values of EI-ELR coatings in respect to V84-ELR (Figures 3C and 3D) .
The higher dissipation and hydration of V84-ELR coatings have alluded to the softer behavior of these coatings and to the more rigid EI-ELR coatings. However, it is known that the underlying substrate chemistry directly imposes conformation and orientation shifts on proteinbased layers. 46, 47 In order to determine how the conformation and orientation of V84-ELR and EI-ELR evolve during deposition on alkanethiol-modified surfaces, the derivative of the frequency variations (∆f 7 /7, from Figures 3A and 3B ) was calculated as a function of time, df 7 /dt. In Figure 5 , the negative peaks correspond to periods of rapid adsorption, whereas positive peaks represent desorption of mass. The peak of rapid adsorption was reached within 2 to 3 min after the ELRs came in contact with the surface of the sensor (notice that the graph shows 5 min of baseline which does not contribute to this count), after which the adsorption rate gradually decreased. Our observations suggest that the events initiating the adsorption of ELRs on the surfaces were largely independent of the polypeptide architecture and chemistry of the underlying SAM. The existence of a time delay before the peak was reached resembles an adsorption mechanism that follows the generalized molecular kinetic model. 48, 49 This model predicts that the sudden presence of a surface induces a distance dependent chemical potential of proteins. According to this model, the ELR-surface interaction and the motion toward the surface would not be immediate and would depended on the time it takes for the macromolecules to diffuse towards the surface and the adoption of the optimal protein conformation. Nonetheless, Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 some minor differences could be discerned between V84-ELR and EI-ELR behavior, considering that the latter ELR exhibits a micelle-like conformation in solution. Namely, the adsorption rate of EI-ELR decreased back to nearly 0 after 3 to 4 min after the adsorption peak, whereas V84-ELR kept adsorbing with a lower rate for 2 h. The intensity of the peaks was also different, with V84-ELR reaching a df 7 /dt absolute value of about 5 and EI-ELR about 30 (for CH 3 -terminated surfaces). These observations confirm the faster adsorption of the latter, and that the diblock organization facilitates the establishment of a bond with the surface, even if it is a weak bond. In fact, the positive peaks seen for EI-ELR around 70 min correspond to the rinsing stage and removal of loosely bonded molecules, due to the lower surface affinity. We previously studied the layer-by-layer assembly of several variations of ELRs with polysaccharides in the QCM-D, but the issues of conformation, reorganization and mechanical properties were not addressed. 33 The dissipative properties -and, to some extent, rigidity -of the ELR coatings can be related to their water content. We plotted ∆D 7 as a function of ∆f 7 /7 ( Figure   6 ), which indicates the dissipation caused by a unit of frequency (and, indirectly, mass). In these graphs, time as an explicit parameter is eliminated. 19, 20, 50 Small dissipation shifts are represented by small ∆D/∆f slopes (the b value in the linear fitting model), whereas large dissipation shifts are characterized by large slopes. For V84-ELR assembled on OH-terminated substrates, a high slope was observed, indicating a high level of hydration. This result is consistent with the Hd value presented in Table 1 . As the coatings became thicker (COOH, NH 2, and CH 3 surfaces), a second more dissipative slope emerged (i.e., large dissipation shifts in respect to frequency). Roach, Farrar and Perry previously described that the adsorption of fibrillar proteins starts with its long axis parallel to the surface and then rearrangement to a more perpendicular orientation to increase protein-protein interaction and surface concentration of protein. 21 This model suggests that V84-ELR first bonded strongly to the substrate, covering it quickly leaving little room for water binding, and then reorganized into a more outwards extended conformation freeing additional areas for water molecules to bind, becoming softer.
EI-ELR coatings behaved differently. After rinsing, coatings assembled on all SAMs exhibited only one dissipative slope. With the thickest ones (on NH 2 and CH 3 SAMs) a second slope with relatively rigid features was observed, but ended up being rinsed (shown by the decrease of frequency and dissipation to those of the first slope). This temporary slope suggests the formation of two layers of EI-ELR and a more globular conformation than V84-ELR. 21 The first is a strongly bonded layer of nanoaggregates driven by the specific ELR/SAM interactions described above, with no indication of conformational changes. The second is a less hydrated layer, weakly bonded to the first nanoaggregate assembly, probably stabilized by hydrogen 27 bonds. Owing to the low thermodynamic affinity of this layer, rinsing leads to its desorption, leaving only the first layer bonded to the underlying SAM. Figure   S5 ). In the case of V84-ELR, the Voigt areal mass was statistically higher than the Sauerbrey areal mass on NH 2 and CH 3 , which showcases viscoelastic behavior. These results confirm that
ELRs can be designed to build coatings with tunable dissipative behavior.
With the aid of the AFM, we visualized the topography of the surfaces representing the thinnest (OH-terminated) and the thickest (CH 3 -terminated) ELR coatings ( Figures 7A and 7B ). Table 1 , indicated for comparison sake. Scale bar: 500 nm. The schemes (iii) depict the proposed adsorption mechanism for monoblock and diblock ELRs.
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It is worth mentioning that these surfaces differ from the ones shown in Figure 2 in terms of substrate (thiol-modified gold instead of mica) and the fixation mode of ELRs onto it (surface adsorption instead of nanoaggregate droplet drying). The V84-ELR assembled on OH did not exhibit any significant topography feature ( Figure 7A, i) , as the ELR/OH interactions were the least favorable for assembly. In contrast, on CH 3 surfaces, the roughness and localized structures of aggregated polypeptide was clear ( Figure 7A , ii, seen as white spots), sharing similarities with the "islet"-like aspect of some polymeric multilayer formulations. 51, 52 Previously, an adsorption mechanism for fibrillar proteins has been described that can explain this observation. 21 The rearrangement of the monoblock ELR into a perpendicular orientation can result in spatially distributed aggregates with highly dissipative behavior ( Figure 7A, iii) , and expose free uncoated sites. As for EI-ELR coatings on OH surfaces, no distinctive topographic features could be discerned. Small spherical particles were barely visible ( Figure 7B , i) but those are consistent with the morphology of the gold grains on uncoated substrates ( Figure S6) . This is also supported by the low estimated thickness of the EI-ELR coatings assembled on OH substrates. On CH 3 surfaces, EI-ELR nanoaggregates appear to cover a large surface area with only a few areas containing non-significant amounts of material ( Figure 7B , ii, seen as black spots). This image also represents the topography of the first strongly bonded layer alone, as the second more rigid one should have been removed during rinsing (Figure 7B, iii) . Together with Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 29 the conclusion drawn from the QCM-D and MP-SPR, the AFM showed how each ELR was spread across the area of the underlying substrate and the dependence on the adsorption mechanism. Furthermore, the distinct topographies obtained for each of the ELRs let foresee that these polypeptides could be used to tune not only the mechanical properties of a surface but also its topography. We envisage that more complex designs can lead to the development of interfaces with higher levels of control of the surface mechanical properties for biomedical applications. As the surface of a device is the first contact with a biological environment, protein-based interfaces can result in a better biological integration of implantable systems, improve the adhesion and proliferation of mammalian cells, and enhance the cell penetrating capacity of drug delivery systems.
CONCLUSIONS
Interfaces with tunable rigid or soft characteristics can be allied with the inclusion of bioactive Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   30 sequences to promote all these functionalities. Furthermore, surfaces with controlled physicochemical properties will contribute to the development of Precision Medicine applications, including co-culture cell substrates with spatially-controlled stiffness, and patientdriven implantable devices.
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